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Abstract

Recent modifications to the TART Monte Carlo neutron and photon transport code allow enable
calculation of 566-group neutron spectra. This expanded group structure represents a significant
improvement over the 50- and 175-group structures that have been previously available. To support use of
this new capability, neutron activation cross section libraries have been created in the 175- and 566-group
structures starting from the FENDL/A-2.0 pointwise data. Neutron spectra have been calculated for the first
walls of the HYLIFE-IT and SOMBRERO inertial fusion energy power plant designs and have been used in
subsequent neutron activation calculations. The results obtained using the two different group structures are
compared to each other as well as to those obtained using a 175-group version of the EAF3.1 activation

cross section library.

1. Introduction

In the present work, neutron spectra are presented for the first walls of the HYLIFE-II and
SOMBRERO inertial fusion power plants using 175 and 566 groups [1,2]. These spectra have been
calculated using an updated version of the TART98 Monte Carlo neutron and photon transport code [3].
This new version of TART has a minimum neutron energy of 10" MeV and a maximum neutron energy of
1 GeV. The energies are divided logically into 650 groups with a standard distribution of 50 groups per
decade. Although the code is capable of using the full, 650 groups, there is no data available above 20
MeV. Thus, only 566 groups are of use in the current calculations. Neutron spectra have been calculated in

the old 175-group structure and with the new, 566-group structure.



A noteworthy benefit of the new group structure is an improvement in speed. Due to the logical
division of energy groups, TART98 executes faster when the 566-group data is used instead of the 175-
group data. Evidently, when the 175-group data is used, TART spends a significant amount of CPU-time
figuring out which energy group it is in following an interaction. By using the 566-group data, execution
times are observed to fall by 10-20%.

These neutron spectra are then used with 175- and 566-group versions of the FENDL/A-2.0 activation
cross section library that have been created from the pointwise data [4]. The group constants were
generated with the LINEAR and GROUPIE codes using a flat weighting spectrum across each energy
group [5]. Using these libraries, radioactive inventories, occupational and routine hazards, and waste
management hazards have been calculated for the two power plants. Activation calculations have been
performed using the ACAB98 radionuclide generation/depletion code [6]. Differences between the 175-
and 566-group results are discussed, and recommendations are given for future assessments. The results are
also compared with those obtained using a 175-group version of the EAF3.1 activation cross section

library.

2. Models and neutron spectra

The objective of the present work is to establish whether or not a greater number of energy groups
should be utilized in future transport and activation calculations. Given this objective, the use of simple
models is justified. One-dimensional, spherical models of HYLIFE-II and SOMBRERO have been used.
The following sections summarize the physical layout that has been assumed in these 1-D calculations. In
both cases, the target has been modeled as a sphere with a radius of 0.01 cm and a pr of 3 glem®. A 50-50

mixture of deuterium and tritium has been assumed.

2.1 HYLIFE-II model

The HYLIFE-II power plant design features a thick-liquid blanket made of the molten-salt Flibe. The
molar ratio of LiF to BeF, is 2:1. Table 1 summarizes the HYLIFE-II geometry that has been modeled for
the present work. Figure 1 shows the first wall lifetime for type 304 stainless steel (SS304) as a function of

Flibe thickness. A damage limit of 100 dpa is assumed. By using an effective thickness of 60 cm of Flibe



between the target and structural components, the lifetime of $S304 is estimated to be 30 full-power years.
Since one of the main goals of the HYLIFE—II design is to allow the first wall to last for the lifetime of the
power plant, a 60 cm Flibe thickness is used. The SS304 composition given in Reference 7 is assumed for
activation calculations.

Using the model that has been described, neutron specira are presented for HYLIFE-II in 175- and
566-group energy structures. Figure 2 shows both sets of spectra. Due to the large thermal neutron
absorption cross section in Flibe, few neutrons below ~ 10°® MeV make it to the SS304 first wall. As the
figure shows, the calculated neutron spectra match quite well. This is a good benchmark of the new
capability and data in the new group structure. At neutron energies of 2 x 107 to 2 x 10® MeV, there is
considerable uncertainty in the fluxes. This is due, in part, to poor statistics at such low energies. Running a
very large number of particles would rectify the situation or, preferably, TART could be modified to allow
particle splitting at boundaries according to ranges of neutron energies. Currently, TART allows particle

splitting, but the user cannot select only a portion of the neutron spectrum to be split.

2.2 SOMBRERO model

Rather than using a thick-liquid protection scheme in front of the first structural wall, the SOMBRERO
power plant design makes use of low-activation carbon composites. Table 2 summarizes the 1-D, spherical
model that has been used. Previous work has suggested that a damage limit of 75 dpa may be attainable in
carbon/carbon (C/C) composites [2]. This would allow a 5 full-power year lifetime for the SOMBRERO
first wall. The present work assumes a 5 year lifetime and, consequently, activation calculations assume 5
years of irradiation. Activation calculations have assumed the C/C composite composition given in
Reference 2.

Figure 3 shows the neutron spectra as calculated for the SOMBRERO first wall using 175- and 566-
group cross sections. As in the HYLIFE-II calculations, little difference is seen among the results. Since
SOMBRERO does not utilize a thick-liquid protection scheme, neutrons as low as 10® MeV are observed
in the first wall. The flux also peaks at a value close to 10" n/cm®-s-MeV, while it only reaches ~ 10"

n/cm’-s-MeV in the HYLIFE-II first wall. While the 175-group energy structure only has 6 energy groups



between 10° and 107 MeV, the new group structure has 100 groups. Although once again there is

considerable scatter in the low-energy fluxes, the 566-group results appear to follow the 175-group results.

3. Results

Given that the first wall neutron spectra look quite similar for 175- and 566-group calculations in both
HYLIFE-II and SOMBRERO, the only differences in activation results that might be expected are for (1)
high-energy threshold reactions where the reaction rate is non-zero in only a few energy groups, or (2) low-
energy reactions where the true shape of the neutron spectrum requires the detail available in the 566-group
structure. Both cases are truly manifestations of the same effect - the flux is changing rapidly within an

energy group.

3.1 HYLIFE-H results

The first wall activation calculation has been performed using the 175- and 566-group neutron fluxes.
A comparison of each radionuclide’s activity at 1 minute after shutdown was made, and 34 radionuclides
were found to differ by at least 10%. The half-lives of these radionuclides range from < 1 s to 730,000 y.
None of the radionuclides, however, comprise a significant portion of the total activity in the SS304 first
wall. In order to ensure that these radionuclides are unimportant for accident doses one would still need to
perform detailed accident analyses including time-temperature histories and radionuclide mobilization.

Although the total waste disposal rating (WDR) is nearly identical using the two group structures, it is
interesting to note that the contribution from °Al (~ 5 x 10) is about 38% for the 566-group result. °Al is
produced entirely via the %’ Al(n,2n) reaction, which has a threshold of 13.54 MeV. The difference between
the calculated inventories stems from the fact that the reaction rate changes rapidly within the threshold
energy groups. In the 175-group calculation, two energy groups make contributions to the total reaction rate
(group energies are 13.54-13.86 MeV and 13.86-14.13 MeV). In the 566-group calculation, again, two
groups make a contribution. This time, however, the reaction threshold energy lies in the middle of the
lower energy group (E = 13.18 - 13.80 MeV). This produces a difference in the group-averaged reaction

rate, and thus, a difference in the total inventory.



A comparison of the contact dose rates calculated using 175- and 566-group fluxes and cross sections
shows effects similar to those observed in the WDR calculations. The total contact dose rates are nearly
identical, but Na and *°Al contributions both differ by ~ 38%. Na is produced largely via the *Na(n,2n)

reaction, which has a threshold of 12.96 MeV, and an effect similar to that described above for %Al occurs.

3.2 SOMBRERO results

Activation calculations for the SOMBRERO first wall show effects that are similar to those observed
in the HYLIFE-II cases. A sizable number of radionuclide inventories differ significantly, but most of these
probably would not be significant contributors to the accident doses. Forty-seven radionuclide inventories
differ by at least 10% when calculated with the 175~ and 566-group energy structures. Radionuclides that
may potentially be important for accident doses include *F, #*Na, *°P, **S, and *°Ti.

A comparison of the first wall activities calculated with EAF3.1 to those calculated with the 175-gr0up
version of FENDL/A-2.0 shows considerable differences. A total of 127 radionuclides differ by at least
10% and 25 differ by at least an order of magnitude. This confirms findings reported in previous work such
as that by Sanz et al. [8].

WDR results show good agreement between the 175- and 566-group calculations. Only 2°Al and 47y
show more than a few percent difference, and these isotopes do not make significant contributions to the
total WDR. Comparison with EAF3.1 results, however, shows significant differences in the "C and *°Al
values. Since these isotopes dominate the total WDR, significant differences are observed. The total WDR
is 3x lower for the EAF3.1 case than calculated using FENDL.

Contact dose rates agree quite well at early times, but significant differences are observed at cooling
times of 1 year and beyond. Both results suggest that a remote recycling limit of 10 mSv/hr can be met after
only ~ 7 years. Differences in the calculated *Na inventory, which dominates the contact dose rate from
cooling times of several months to ~ 50 years, inject an uncertainty of ~ 1 year in the time at which the
hands-on recycling limit is reached. Contact dose rate results using the EAF3.1 library would suggest that
the hands-on recycling limit could be reached after only ~ 15 years of cooling. This large difference arises

from the fact that EAF3.1 underestimates the *Na production by nearly 2 orders of magnitude.



4. Conclusions and recommendations

Neutron transport and activation calculations have been completed using ENDL 175- and 566-group
neutron transport cross sections and activation cross sections created from the FENDL/A-2.0 pointwise
activation data. Largely, these calculations have shown that the radionuclide inventories calculated with
either group structure agree quite well. Radionuclides produced via high-energy threshold reactions (E, >
10 MeV) appear to suffer from effects caused by the particular group structure. While the total activities,
waste disposal ratings, and contact dose rates for the HYLIFE-II and SOMBRERO first walls have not
been significantly affected, one should carefully consider the group structure that is used if such

radionuclides are important.
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Table 1

A one-dimensional model of HYLIFE-IT

Component Inner/outer radii (cm) Material composition
Flibe pocket 30/90 full-density Flibe
First wall 300/300.3 SS304

Blanket coolant 300.3175/350.3 full-density Flibe
Blanket structure #1/3 350.3/352.54 S8304

Blanket coolant 352.54/355.08 full-density Flibe
Blanket structure #2/3 355.08/357.62 SS304

Insulation with purge gas 357.62/367.78 void

Blanket structure #3/3 367.78/367.94 S$S8304




Table 2

A one-dimensional model of SOMBRERQO

Component Inner/outer radii (cm) Material composition

Chamber gas 0/650 0.5 Torr of xenon

First wall 650/651 C/C composite

Blanket #1/3 651/670 97 v% Li,O (60% packing fraction)
+ 3 v% C/C composite

Blanket #2/3 670/710 80 v% Li,O (60% packing fraction)
+ 20 v% C/C composite

Blanket #3/3 710/750 50 v% Li,O (60% packing fraction)

+ 50 v% C/C composite




First wall lifetime

Figure 1

{full-power years)

100

10

0.1

LIDLBLBLAI

J_1 L Il}

/./_‘

.l 111l

—®— 55304 Iifetimel ]

20 30 40 50 60
Flibe thickness (cm)



b

(=}
—
N

-

o
-
-t

Loy

ay

o
-
©

L1 IIIILI LI

-t
(=]
©

-
(=}
©

11 LLLL

| ool

Neutron Flux [nfcmz-s-MeV)

® 175-group flux |

-k
o
~
4 mm—rrnm LELRERLY N R AR BRI N IIHIIV“

10°
X 566-group flux I
10° 1 1 1 1 ] 1 1
107 10°® 10° 10™ 10°° 102 10 10°

Neutron Energy (MeV)

Figure 2



Neutron Flux {nfcmz-s-MeV]

Figure 3

1014

10"

10'2

3 ] I §
. L
B E
X .
-
: .
_ ® 175-group flux | .
[ | X 566-group flux ]

| 1 | | | | 1
10° 107 10 10° 10" 10’

Neutron Energy (MeV)



Fig. 1. Lifetime of HYLIFE-II first wall as function of Flibe thickness.
Fig. 2. Neutron spectrum in the HYLIFE-II first wall.

Fig. 3. Neutron spectrum in the SOMBRERO first wall.
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